There is limited knowledge of association between arsenic exposure and telomere length (TL) and signal joint T-cell receptor excision circle (sjTREC) that are potential biomarkers of immune senescence and disease susceptibility. We aimed to clarify whether long-term inorganic arsenic exposure influences TL and sjTRECs in childhood. Children born in a longitudinal mother-child cohort were followed-up at 4.5 (n ¼ 275) and 9 years (n ¼ 351) of age. Arsenic exposure was assessed by metabolite concentrations in urine (U-As) from mothers at gestational week 8 (prenatal) and their children at 4.5 and 9 years. TL and sjTRECs were determined in blood cells using quantitative PCR. The oxidative DNA damage marker 8-hydroxy-2 0 -deoxyguanosine (8-OHdG) in plasma was measured by ELISA. In multivariable-adjusted spline regression analyses, both prenatal and childhood arsenic exposure above U-As of 45 mg/l were significantly inversely associated with TL and sjTRECs at 9 years. Fraction of monomethylarsonic acid (MMA) above spline knot 7% were significantly inversely associated with both TL and sjTRECs reflecting increased toxicity due to less-efficient arsenic metabolism in 9-year-old children. Prenatal and childhood arsenic exposure were positively associated with 8-OHdG at 9 years which in turn was inversely associated with sjTRECs at 9 years. However, adjustment with 8-OHdG did not change the estimates of the association of U-As with sjTRECs reflecting little contribution from 8-OHdG-induced oxidative stress. Our findings suggest that chronic arsenic exposure from early life can result in TL attrition and lower production of naïve T cells potentially leading to immunosenescence and immunodeficiency.
adults (Dangleben et al., 2013) . However, very few longitudinal studies in human have further indicated that the adverse effects of the toxicant start from in utero (Ahmed et al., 2011 (Ahmed et al., , 2012 (Ahmed et al., , 2014 Raqib et al., 2009 Raqib et al., , 2017 .
A telomere is a region of nucleotide repeats (TTAGGG) present at each end of the eukaryotic chromosome which is highly regulated to protect chromosomes from recombination or degradation, ensuring integrity during replication. Telomeres shorten after each replication cycle, hence telomere length (TL) is generally considered to reflect cellular senescence (Blackburn et al., 2015) . Many genetic and environmental factors can affect TL such as oxidative stress, diet, smoking, infections and different types of cancer and noncommunicable diseases (Barrett et al., 2015; Gianesin et al., 2016; Zhou et al., 2016) . Shorter and longer TL both are associated with risk of cancer (Li et al., 2015; Zhang et al., 2017) . Limited studies have addressed the association of arsenic with TL of human immune cells (Ameer et al., 2016; Gao et al., 2015; Li et al., 2012) .
The critical role of the thymus in the generation of a diversified population of peripheral T lymphocytes is well-established. The quantification of signal joint T-cell receptor excision circle (sjTREC) within peripheral T cell populations provides insight into the frequency of recent thymic emigrants or naïve T cells (Ye and Kirschner, 2002) . Arsenic is known to produce reactive oxygen species leading to oxidative stress and DNA damage (Yamauchi et al., 2004) . This can be assessed by determining 8-hydroxy-2 0 -deoxyguanosine (8-OHdG) concentration, a known biomarker of oxidative DNA damage. Our earlier studies have shown that arsenic exposure during pregnancy increased 8-OHdG expression in cord blood and placenta, with increased inflammatory responses and reduced T cell counts in the placenta (Ahmed et al., 2011) and reduced sjTRECs in cord blood (Ahmed et al., 2012) . Therefore, in the present longitudinal study, we aimed to investigate whether chronic arsenic exposure from in utero to preadolescent age influences TL and whether the negative impact of chronic arsenic exposure on sjTRECs at birth persists in 9-year-old children. Additionally, we measured 8-OHdG in plasma to assess its association with arsenic exposure, sjTRECs, and TL.
MATERIALS AND METHODS
Study design, area, and participants. Matlab, a rural area, is situated about 53 km southeast of Dhaka. icddr,b established a health research and training center with a central hospital and 4 smaller subcenters in Matlab and operates a health and demographic surveillance system (HDSS) covering a population of about 220,000. Elevated arsenic concentrations in groundwater are common in Matlab where approximately 95% of the population uses hand-pumped tubewell water as their main source of drinking water. About 13,000 tubewells in this area were tested for arsenic concentration during [2002] [2003] , about 70% of which exceeded 10 mg/l of arsenic, the WHO guideline value (WHO, 2011) , and >60% exceeded 50 lg/l, the national standard (Rahman et al., 2006) . Installation of deep tubewells has resulted in somewhat decreased exposure from the time of pregnancy till 9 years but still remained elevated with 43% of tubewells containing arsenic >10 mg/l (Nahian, 2016) . However, substantial arsenic exposure through food probably comes from the use of arsenic-rich irrigation water from shallow pumps .
This study is part of our ongoing research activities on effects of early-life arsenic exposure and immune function outcomes (Ahmed et al., 2012; Moore et al., 2009) . It is nested in a large, randomized, food and multiple micronutrient supplementation trial (MINIMat trial) conducted in 2001-2003 in 4436 women recruited in early pregnancy evaluating nutritional impacts on pregnancy outcomes and child health (Persson et al., 2012) . The MINIMat children were followed up at 4.5 years of age (n ¼ 2735) to address different objectives. To reduce the burden of examinations and repeated biological sampling from each child, they were divided into 2 groups based on their year of birth (Group A, April 2002 -June 2003 Group B, June 2003 -June 2004 (Figure 1 ). For this study, we selected children from Group B, and followed them at 4.5 years (n ¼ 640) and 9 years (n ¼ 564) (Ahmed et al., 2013 (Ahmed et al., , 2014 Raqib et al., 2017; Mannan et al., 2016) . Adequate blood cells for studying sjTRECs and TL were available from 275 children at 4.5 years and 351 children at 9 years of age, and among them 213 children were common in both time points (Figure 1) .
Maternal anthropometry and family socioeconomic status (SES) were collected in early pregnancy in the MINIMat trial (Persson et al., 2012) . The family SES score was estimated via an asset index, generated through principal component analysis of household assets and was updated during the follow-up studies. Anthropometry data of children were collected at 4.5 and 9 years . The measured height and weight were converted to height-for-age, weight-for-age, and body mass index-for-age z-scores (SD scores), using the WHO growth reference for school-aged children and adolescents (de Onis et al., 2007) . Data on illness including cold, cough, fever, diarrhea, and dysentery in the past 6 months were collected based on structured questionnaire. Comparison of baseline features between the children included in this study and those who were not included did not show any significant differences in general characteristics (Supplementary Table 1 ).
Specimen collection. Heparinized venous blood was divided into 2 parts, 1 was used to determine specific cell types in blood as complete blood count with differentials using automated hematology analyzer (Sysmex XT-1800i, Kobe, Japan). The other part was centrifuged to separate plasma from buffy coat. Peripheral blood mononuclear cells (PBMCs) was separated from buffy coat by density-gradient centrifugation and stored in RNALater (Qiagen GmbH, Hilden, Germany) in À80 C. Urine samples collected as described earlier from pregnant mothers during gestation week 8 (GW8) and their children at 4.5 and 9 years of age were stored at À80 C.
Assessment of arsenic exposure. iAs is metabolized by a series of reduction and methylation reactions producing monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA), the relative fractions of which reflect efficiency of arsenic metabolism. Increased toxicity of arsenic was shown with the excretion of higher MMA% and a lower DMA% in the urine (Vahter, 2002) . Arsenic exposure was assessed based on the concentration of the sum of iAs, MMA, and DMA in urine, hereinafter referred to as urinary arsenic (U-As) reflecting exposure to iAs from both water and food (Diaz et al., 2015; Kippler et al., 2016) . The arsenic metabolite concentrations in urine were measured using highperformance liquid chromatography online with hydride generation and inductively coupled plasma mass spectrometry. The intra-and interassay coefficients of variation (CV%) were approximately 4%, based on the measurements of a reference urine sample (CRM No.18, National Institute for Environmental Studies, Tsukuba City, Japan (Ahmed et al., 2014) . All U-As concentrations were adjusted to the average specific gravity (1.012 g/ml for all urine samples), measured by a digital refractometer (RD712 Clinical Refractometer; EUROMEX, Arnhem, the Netherlands) (Nermell et al., 2008 ) using the formula U-As (1.012-1)/(measured specific gravity of each urine sample-1).
Estimation of sjTRECs. sjTRECs are small circles of DNA created in T-lymphocyte during maturation and rearrangement of T-cell receptor genes in the thymus. sjTRECs contents in blood are used as surrogates of recent thymic emigrant T cells (RTEs) and is a well-known biomarker for thymic output of RTEs or thymic function (Douek et al., 1998; Somech, 2011) . From the frozen PBMC, DNA was isolated by using the QIAamp DNA Mini Kit (Qiagen GmbH) according to the manufacturer's instructions. From 200 ng of DNA/sample, quantification of sjTREC was performed by using SYBR Green real-time quantitative PCR and CFX96TM real time system (C1000 Thermal cycler, Bio-Rad Life Science Research, Hercules, California) as described earlier in Ahmed et al. (2012) and Raqib et al. (2007) . The following primers were used: forward primer 5 0 AAAGAGGGCAGCCCTCTCCAAGGC AAA3 0 and reverse primer 5 0 AGGCT-GATCTTGTCTGACATTTGC TCCG3 0 . A standard (kindly donated by PT Ngom) was prepared by using serial dilutions of a known number of copies of a fragment of the sjTREC gene sequence and included in each run to generate a standard curve (Ngom et al., 2004) . The copy number of sjTRECs in the DNA samples was determined automatically using standard curves and expressed as sjTRECs content (copy numbers/100 ng of DNA). The CV% of intra-and interrun variation of determination of sjTREC level were 8.5% and 10.2% respectively.
Estimation of TL. Absolute TL in PBMC DNA was measured as described earlier (O'Callaghan and Fenech, 2011) by performing 2 RT-PCR reactions using 70 ng of DNA samples for each reaction in a single plate using 2 different oligomer standards. Telomere oligomer standard was used to establish telomere standard curve in telomere PCR reaction whereas single copy gene 36B4 oligomer standard was used for creating 36B4 standard curve in 36B4 PCR reaction. The primer sequences were: telomere forward primer 5'CGGTTTGTTTGGGTTTGGGTTT-GGGTTTGGG-TTTGGGTT3'; and reverse primer 5'GGCTTGCCTTACCCTTA CCCTTACCC-TTACCC-TTACCCT3'; 36B4 forward primer 5'CA GCAAGTGGGAA-GGTGTAATCC3' and reverse primer 5'CCCA TTCTATCATC-AACGGGTACAA3'. Plasmid DNA (pBR322) was used with each standard to maintain a constant 20 ng of total DNA per reaction tube. The data obtained from RT-PCR method to measure absolute TL were analyzed as kb/reaction and genome copies/reaction for telomere and 36B4, respectively. The telomere kb per reaction value is divided by diploid genome copy number of 36B4 to give a total TL in kb per human diploid genome. The C T values within the linear range of the standard curves and between 15 and 35 threshold cycles were used for analysis. The CV% of intra-and interrun variation of TL assessment were <5% and <7.5%, respectively.
Oxidative stress marker. Plasma concentration of 8-OHdG, a biomarker of oxidative DNA damage was analyzed by a competitive ELISA kit (Highly Sensitive 8-OHdG Check ELISA, Japan Institute for the Control of Aging, Fukuroi, Shizuoka, Japan). Samples were measured in duplicates and analysis was repeated if results of duplicate samples differed >10%. The intraand interassay CV% were 2.85% and 4.6%, respectively.
Statistical analysis. Statistical analyses were conducted using the software PASW 20.0 (SPSS Inc., Chicago, Illinois) and Stata/IC 13.0 (StataCorp, College Station, Texas). Associations between exposures, outcomes, and covariates were initially evaluated using Spearman's rank correlation, Mann-Whitney U-test, analysis of variance, or Kruskal-Wallis test, as appropriate. Associations between different exposure biomarkers (U-As at 4.5 and 9 years; MMA%, DMA%, iAs%) and outcomes (sjTRECs and TL) were examined graphically using lowess moving average curves searching for linear or non-linear associations. When linear associations were obtained, multivariableadjusted linear regression analyses were carried out. When deviation from linearity was found, we applied splines at apparent thresholds. In scatter plots with Lowess curves (Figs. 2A-F) , both TL and sjTRECs slightly increased up to 45 mg/l of U-As and then started to decline showing deviation from a linear pattern. Thus, due to the nature of non-linear curve the associations of U-As at all-time points (GW8, 4.5 and 9 years of age) with TL and sjTRECs were assessed by multivariable-adjusted spline regression analyses with a spline knot introduced at 45 mg/l (log 2 -transformed: equivalent to 5.5). To obtain normally distributed residuals with a homogeneous variance, all exposure variables (U-As at GW8, 4.5 and 9 years of age) were log 2 -transformed. We chose log 2 -transformation of TL and sjTRECs values to simplify the interpretation of the beta-coefficients in the regression analyses (average changes in outcome associated with each doubling of exposure). To analyze the influence of arsenic metabolism efficiency on the associations between U-As and sjTRECs or TL, initially we analyzed by multivariable-adjusted linear regression. Again, we observed nonlinear association between % of arsenic metabolites and TL or sjTRECs, thus spline regression was applied. The spline knot values of the metabolites were introduced at 7, 80 and 15 for MMA%, DMA%, iAs%, respectively (Supplementary Figure 2) . Linear mixed effects models were applied to evaluate the effect of exposure over time (4.5 and 9 years of age) on outcome changes (TL and sjTRECs) with a spline knot at 45 mg/l. The association between U-As and 8-OHdG was evaluated by linear regression analysis. The models were adjusted for covariates that were significantly associated with both exposure and outcome or changed the effect estimates by 5% or more. The covariates were child sex, age, HAZ, SES, mother's education and plasma CRP. The p values < .05 were considered statistically significant.
RESULTS

Demographic Data and Arsenic Exposure
The median age of the children at the different follow-ups were 4.6 years (range: 4.5-5.2) and 8.8 years (range: 8.6-9.6), respectively (Table 1 ) and were referred to as 4.5 and 9 years of age. At each follow-up, girls (49%) were shorter (p for all .003) and weighed less (p for all .049) than the boys (51%). Median U-As in the children at 9 years was lower than that of their mothers during pregnancy (median 88, range 1.9-1576 mg/l) and at 4.5 years of age indicating gradual decline in arsenic exposure over time. However, the mother's U-As concentrations were strongly correlated with children's exposures (r s ¼ 0.48 for 4.5 years and r s ¼ 0.40 for 9 years, both p < .001). Family SES did not change significantly over time from GW8 to 9 years of age. The median TL at 9 years decreased significantly from that at 4.5 years, though there was a strong correlation (Supplementary Figure 1) . The sjTRECs content did change significantly over time. Mean plasma concentration of 8-OHdG was significantly higher in 9-years old compared with 4.5-years old (p < .001) indicating accumulating oxidative stress among older children (Table 1) .
Chronic Arsenic Exposure and TL Adjusted regression models showed significant inverse associations between maternal (GW8) and childhood U-As (4.5 and 9 years of age) and TL at 9 years of age above the spline knot 5.5 (Table 2 ). In contrast, concurrent U-As below the spline knot was significantly positively associated with TL at 9 years of age. In 4.5-year-old children, U-As at GW8 and concurrent U-As above the spline knot were inversely associated with TL, although the associations were not statistically significant. These associations remained unchanged when total available children (n ¼ 275) at 4.5 years of age were considered (Figure 1,  Supplementary Table 2 ). The estimates of the associations between U-As at GW8 with TL at 4.5 (b ¼ À9.7) and 9 years (b ¼ À10.4) were similar (Table 2) . When association between U-As at 9 years and TL were further adjusted with blood cell types, we did not find any significant influence of the various cell types (data not shown).
To evaluate long-term changes of arsenic on TL, we evaluated the association of childhood exposure to arsenic in relation to TL at 4.5 and 9 years of age by mixed effect models. A significant inverse association was found between childhood arsenic exposure above the spline knot and childhood TL (b ¼ À15.4, 95% CI ¼ À22.19, À8.64; p < .001).
The TL was significantly inversely associated with the fraction of MMA above the spline knot of 7% in 9 years old and above 15% for iAs in 4.5-year-old children (Table 2) likely reflecting increased toxicity due to poor methylation of arsenic in these children.
Chronic Arsenic Exposure, sjTRECs, and Immune Cells Significant inverse associations were found between U-As at GW8, 4.5 and 9 years of age and sjTRECs at 9 years of age above the spline knot 5.5 (Table 3) . Only in 9-year-old children a significant positive association of sjTRECs was obtained with U-As below the spline knot. To examine whether elevated levels of sjTRECs were linked with illness in these children, we evaluated association between sjTREC concentrations and morbidity outcomes and found no association (data not shown). Again, when association between U-As and sjTRECs in 9-years old were further adjusted with cell types, we did not find any significant influence of the various cell types (data not shown).
The mixed effect model with spline function showed an inverse association between childhood arsenic exposure and sjTRECs (b ¼ À0.68, 95% CI ¼ À0.85, À0.49; p < .001) above the spline knot at 5.5. However, a positive association was found between childhood arsenic exposure and sjTRECs in all children (b ¼ 0.70, 95% CI ¼ 0.29, 1.10; p < .001) below the spline knot. Further adjustment with U-As at GW8 did not change the estimates.
Significant negative correlation of MMA% with sjTRECs levels was found above spline knot of 7% at 9 years of age. No other significant association of sjTRECs was found with other arsenic metabolites at either time points (Table 3 ). Associations between U-As concentration (log2-transformed) at GW8, 4.5 and 9 years and TL (A-C) and sjTRECs (log2-transformed) (D-F) in 9-year-old children. In the scatter plots, the solid line represents a Lowess (locally weighted scatter plot smoothing) moving-average curve for the raw data.
Arsenic Exposure, Oxidative Stress, TL, and sjTRECs Prenatal and childhood U-As were significantly positively associated with plasma 8-OHdG at 9 years of age, but not at 4.5 years of age (Table 4) . Again, linear regression analysis showed a significant inverse association between 8-OHdG and sjTRECs at 9 years of age (b ¼ À0.17; 95% CI, À0.30, À0.04; p ¼ .01), but not at 4.5 years of age (b ¼ À0.15; 95% CI, À0.37, 0.08; p ¼ .195).
However, we did not observe similar associations between TL and 8-OHdG either at 4.5 or 9 years of age.
To investigate whether the estimated effects of arsenic on sjTRECs may be mediated via arsenic-induced oxidative stress, we adjusted the associations of prenatal and childhood U-As with sjTRECs by 8-OHdG in children at 9 years. The estimates of the associations of U-As with sjTRECs did not change after being Spline regression model using spline knot at log2 U-As 5.5 (corresponding to 45 mg/l), fraction of MMA at 7%, fraction of DMA at 80% and fraction of iAs at 15%. *indicates p < .10 and **indicates p < .05.
additionally adjusted for 8-OHdG above or below the spline knot of 5.5 (Table 3) . At 9 years, concentration of plasma 8-OHdG above the spline knot was significantly higher (mean 3.6 ng/ml) than below (mean 3.0 ng/ml) the spline knot (p ¼ .007), but this was not the case at 4.5 years of age.
DISCUSSION
The findings suggest that prenatal and childhood (4.5 and 9 years) arsenic exposures negatively influence TL and production of naïve T cells when U-As is higher than 45 lg/l and the strongest associations were observed with the children's concurrent exposure. On the other hand, with low level of arsenic exposure (<45 lg/l), increases in TL and sjTRECs concentrations were found in 9-year-old children. Furthermore, arsenicinduced 8-OHdG did not seem to impact the associations of arsenic exposure and sjTRECs levels suggesting nonoverlapping pathways of action.
There is mounting interest in studies on environmental exposures and telomere attrition which have mostly been carried out in adults in cross-sectional studies. However, longitudinal birth cohort studies are lacking. Here we found that prenatal and persistent childhood exposure to arsenic above 45 lg/l of UAs reduced TL in children. For every doubling of arsenic exposure, there was a decrease in 34 kb/dg of TL in 9-year-old children. The deleterious impact of arsenic exposure on TL seemed to increase with duration of exposure, with increasingly stronger association being evident at 9 years compared with in utero and 4.5 years of age (Table 2) . One study showed that adults with chronic exposure to arsenic (average total U-As !19.3 lg/l) have shortened TL in leukocytes in presence of hOGG1 Cys polymorphism indicating that arsenic-mediated telomere shortening was influenced by defects in DNA excision repair (Borghini et al., 2016) . However, other epidemiological studies in adults have shown longer TL in PBMC in relation to high arsenic exposure. One study (Chatterjee et al., 2015) reported that people Table 3 . Regression Analysis of U-As Concentration at GW 8, 4.5, and 9 Years and Arsenic Metabolites at 9 Years With sjTRECs at 4.5 and 9 Years of Age Abbreviations: sjTRECs, signal-joint T cell receptor excision circles; b, regression coefficient; CI, confidence interval; U-As, sum of urinary arsenic metabolites; GW, gestation week; MMA, monomethylarsonic acid; DMA, dimethylarsinic acid; iAs, inorganic arsenic.
sjTRECs were log 2 -transformed. Adjusted for child age, height-for-age z-score, gender, plasma C-reactive protein at 9 years, family socioeconomic status at 9 years of age, and mothers' education. *indicates p < .05.
with arsenic-induced skin lesions (mean U-As 290 lg/l) exhibited telomerase-independent elongation of TL compared with subjects with lower exposure (mean U-As 30.5 lg/l). Studies conducted in people chronically exposed to high arsenic showed significantly longer telomeres being associated with higher UAs (median U-As 230 mg/l (Li et al., 2012); 80-196 mg/l (Ameer et al., 2016) ; mean U-As 856.0 lg/g of creatinine (Gao et al., 2015) . In the latter 3 studies, poor arsenic methylation efficiency and elongated TL appeared to play an important role in arsenicrelated carcinogenesis. We found poor methylation efficiency associated with shortening of TL among these children. The seemingly counterintuitive findings of shortening or elongation of TL by arsenic exposure could depend on various environmental and other factors (such as arsenic dose, duration of exposure, age, DNA repair mechanisms) that can manipulate the TL maintenance machinery and have opposing directions of effects (Romano et al., 2013; Zhang et al., 2013) . For example, median UAs concentrations in our study (88, 57 , and 54 mg/l at GW8, 4.5 and 9 years, respectively) were much lower than the above studies. Ours was a birth cohort study and the negative association of arsenic exposure (above U-As of 45 mg/l) with TL remained evident at each time point as opposed to the above crosssectional, case-control studies in adults. It is plausible that far longer duration of arsenic exposure in adults compared with children influenced the outcome.
In this study we found that U-As concentrations below 45 mg/l appeared to be associated with longer telomeres in the children. An ex vivo study demonstrated that treatment with lower concentration (0.0001 lM) of iAs markedly increased TL in cord blood leukocytes but at higher concentration (1 lM) significantly decreased the TL; this occurred in parallel to decreased telomerase expression (Ferrario et al., 2009) . Similarly, another study (Zhang et al., 2003) indicated that arsenite at low concentrations (<1 lM) promoted telomerase activity and maintained TL in cell lines, while at high concentrations (>1 lM) there was drastic reduction in TL and increased apoptosis. One in vitro study reported that treatment with arsenic (0.75 mM) inhibited telomerase transcription and resulted in TL shortening and chromosomal end lesions with a dominance of chromosomal end-to-end fusions (Chou et al., 2001) . Thus, shorter telomeres may promote genomic instability and initiation of carcinogenesis or reduce cell survival through enhanced apoptosis (Hackett and Greider, 2002) . There may be a critical threshold of arsenic exposure beyond which exposed cells either undergo attrition or elongation of TL. However, it is difficult to directly compare the in vitro conditions with far more complex in vivo microenvironment.
We have earlier shown in the MINIMat cohort that arsenic exposure reduced thymic size in infants ) and decreased thymic output in neonates reflected by reduced sjTRECs levels (Ahmed et al., 2012) . We extend those findings here by demonstrating that both prenatal and childhood arsenic exposure decreased sjTRECs levels at 9 years of age with progressively stronger association being evident with concurrent exposure. Thymic involution begins from an early age of 1 year and with progression of age a shift occurs from efficient thymic lymphopoiesis to T-cell generation through peripheral replication which becomes the dominant mechanism of replenishing the T-cell pool (Mackall and Gress, 1997) . Decrease in sjTREC concentrations reflects immunodeficiency, a well-known phenomenon in clinical conditions including HIV-infection (Douek et al., 2000; Zhang et al., 1999) , chemotherapy, bone marrow transplantation, severe respiratory syncytial virus infections in neonates (Gul et al., 2017) . Several trials of highly active antiretroviral therapy treatment of HIV/AIDS patients, both adult and pediatric, have demonstrated regeneration of sjTRECs containing T lymphocytes and recovery from immunodeficiency (Sandgaard et al., 2014; Ye et al., 2004) . Thus, reduction of sjTRECs due to arsenic exposure suggests depletion of T cell pool in the children eventually leading to immunodeficiency. Our findings are in keeping with previous studies demonstrating reduced frequency of T cells in children and adults with chronic arsenic exposure (Hernandez-Castro et al., 2009; RochaAmador et al., 2011; Soto-Pena et al., 2006) . Immunosuppressive effects of arsenic are mediated through, among other mechanisms, induction of cell apoptosis (Rocha-Amador et al., 2011) . We have previously shown that arsenic exposure during pregnancy suppressed T cells in the placenta and cord blood and upregulated apoptosis related genes in neonatal/cord blood (Ahmed et al., 2011 (Ahmed et al., , 2012 . Childhood arsenic exposure reduced T cell-mediated function in these MINIMat children at 4.5 years (Ahmed et al., 2014) and impaired mumps-vaccine specific responses at 9 years of age . T cells are required for an effective adaptive immune response. Depletion of T cells is likely to hamper adaptive immunity while aging T lymphocytes (with shorter TL) are hyporesponsive to infection or vaccination (Torrao et al., 2014) . Thus, our findings of inadequate production of sjTRECs or naïve T cells and cellular exhaustion due to persistent arsenic exposure in childhood are closely linked to accelerated aging of immune cells (immunosenescence) that may subsequently result in mounting of suboptimal immune responses and increased disease susceptibility. Recent reports suggest that having a short or long TL may be largely established early in life and serve as a marker of susceptibility to chronic diseases and cancer in later life Daniali et al., 2013) .
In vitro and experimental studies have shown that oxidative stress causes telomere attrition (Liu et al., 2003) . In support of our earlier studies (Ahmed et al., 2011 (Ahmed et al., , 2012 , we found that prenatal and childhood arsenic exposure increased oxidative stress at 9 years, and again oxidative stress appeared to reduce sjTRECs levels in children. However, the associations between U-As and sjTRECs remained unaffected after adjustment with plasma 8-OHdG, suggesting that the mechanisms of 8-OHdGmediated oxidative damage of naïve T cells may be distinct from arsenic-induced oxidative damage with little overlap.
The strengths of our study include the longitudinal design, relatively large sample size, availability of temporal arsenic exposure data (from pregnancy to early and late childhood) and biomarkers for immunosenescence and naïve T cells at multiple time points. One limitation was that we measured TL in undifferentiated blood leukocytes that only reflect total PBMC not specific immune cells such as B and T lymphocytes. Another limitation was that the effect of arsenic on telomerase enzyme that compensates telomere shortening was not assessed.
In conclusion, chronic high levels of arsenic exposure from fetal life throughout childhood can result in TL attrition and lower production of naïve T cells that could contribute to immunosenescence and immunodeficiency in later life. The mechanisms of these adverse effects of arsenic and 8-OHdG-induced oxidative damage were nonoverlapping. Environmental exposure to arsenic during early life may result in lifelong changes in health trajectories.
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